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Abstract 
We show that during evaporation of a pore network, liquid can refill the gas occupied pores, snapping off a gas 
bubble, which then moves to a stable configuration. This phenomenon is induced by the capillary instability due to 
the wettability heterogeneity of the pore network and has a much smaller time scale as compared to the evaporation 
process. The capillary instability induced liquid refilling and bubble movement are explained in detail based on the 
analysis of the images obtained from the visualization experiment. The capillary valve effect, which hinders the 
movement of the gas-liquid interface and is induced by the sudden geometrical expansion between small and large 
pores, can be suppressed by the residual liquid in the large pore. For better understanding of the capillary instability 
induced gas-liquid two-phase transport during evaporation, a novel pore network model is developed, which 
considers not only the capillary and viscous forces but also the inertial forces that are seldom taken into account in 
the previous models. The pore network modeling results are in good agreement with the experimental data, 
demonstrating the effectiveness of the developed pore network model, which opens up a new route for better 
understanding of the role of inertial forces in two-phase transport in porous media.  
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1. Introduction 
Evaporation from porous media is ubiquitous in nature and many industrial applications. During evaporation, 
the gas-liquid interfaces recede into the porous media, and the initially liquid filled pores are gradually occupied by 
the gas phase 
1
. This gas-liquid interface movement is influenced by viscous forces 
2
, gravity 
3
, thermal gradient 
4
, 
and the pore structures 
5
 and wettabilities 
6
. The gas-liquid interface movement determines the phase distribution in 
the porous media and hence the evaporation kinetics 
7
. Accurate description of gas-liquid interface movement is 
hence of vital importance. Although much progress has been made on evaporation in porous media, both 
experimentally 
8-10
 and numerically 
11,12
, unveiling the dynamics of gas-liquid interface movement in porous 
materials is still a challenge since the porous media not only are opaque but also have complex pore structures and 
non-uniform wettabilities.  
Visualization experiments with microfluidic pore networks composed of regular pores, which enable precise 
visualization of the gas-liquid interface (meniscus), is proven to be a useful approach for understanding two-phase 
transport phenomenon in porous media 
13-20
. Based on the microfluidic visualization experiment, we observe 
surprisingly that during evaporation of a microfluidic pore network, liquid can refill the pores occupied by gas, 
snapping off a gas bubble, which then moves until a stable configuration is reached, see liquid refilling and bubble 
movement in fig. 1. This liquid refilling and bubble movement have a time scale about 16 seconds, much smaller 
than that associated with the whole evaporation process (about 30 hours). In spite of their small time scale, the 
liquid refilling and the bubble movement, without a doubt, influence the liquid distribution in the pore network and 
hence the evaporation kinetics. In this paper, we explain in detail the phenomena of liquid refilling and the bubble 
movement observed in our experiment. For better understanding of the observed phenomena, we also develop a 
novel pore network model, which takes into account not only the capillary and viscous forces but also the inertial 
forces that are seldom considered in the existing pore network models. The modeling and experimental results are 
in good agreement.
2. Experiments 
The quasi 2D microfluidic pore network used in our experiment is fabricated by bonding a silicon wafer 
etched with the designed pore structures to a glass sheet. The pore network consists of 5 × 5 large pore bodies 
connected by small pore throats, fig. 1. All the pores have the same height of h = 50 m. In the plane perpendicular 
to the height direction, the pore bodies are square and have a side length of 𝑙 = 1 mm; the distance between the 
centers of two neighboring pore bodies is 2 mm; all the pore throats are rectangular with same length of l = 1 mm 
but the width, w, varying from 0.14 to 0.94 mm. The pore network is connected to the environment through an 
outlet pore of 2 mm long and 0.5 mm wide. The evaporation experiment is performed at the temperature of 26.5 ± 
2°C and the relative humidity of 67.3 ± 2%. The pore network, initially filled with ethanol, is horizontally placed 
on a plate. A camera (Nikon D810) and an inverted microscope (Olympus IX73) are used to record the movement 
of menisci in the pore network during evaporation. The images are analyzed to determine the liquid distribution, the 
curvature radii of menisci based on arc fitting method 
21
, the contact angle based on polynomial fitting approach 
22
, 
and the speed of the moving menisci.  
The advancing and receding menisci are defined as those moving towards liquid and gas, respectively. The 
speed of a moving meniscus in a pore is defined as the rate of liquid flow in this pore divided by the cross-sectional 
area of the pore body (all the pore bodies have the same cross sectional area). Since the pore network structure is 
etched in the silicon wafer in our microfluidic model, we can get the contact angle (taken in the liquid phase) for 
the silicon surface, s, based on the image analysis. The contact angle hysteresis for the silicon surface is small and 
can be neglected. But s is different in each pore due to the wettability heterogeneity of the pore network. The 
contact angle for the glass surface is g = 0º 
23
.   
  
3. Results and Discussion 
3.1. Experimental results  
The detailed menisci movement during liquid refilling process is presented in fig. 2a. Here, meniscus A is the 
advancing one, and meniscus B is the receding one. The variations of speeds and curvature radii of these two 
menisci are depicted in fig. 3a and 3b, respectively. In fig. 3b, ri is the curvature radius of the meniscus is the plane 
shown in fig. 2a. The curvature radius in the plane perpendicular to the one shown in fig. 2a is denoted rh. 
Before liquid refilling happens, the evaporation induced moving meniscus A is at the entrance of pore body 5. 
At the interface between a pore throat and a pore body, a sudden geometrical expansion exists, which can hinder the 
meniscus movement, i.e., the so called capillary valve effect.
14
 When the triple line of meniscus A at the side wall 
moves to the entrance of pore body 5, the contact angle increases suddenly from s to s + 90º. As a result, the triple 
line of meniscus A at the side wall is pinned, since the triple line cannot move toward the liquid phase until the 
contact angle is reduced to s. On the other hand, since pore throats and pore bodies have the same height, the triple 
line at the top glass wall and the bottom silicon wall will continue moving. As a result, meniscus A changes its 
shape, fig. 2a, leading to the reduced contact angle. As this contact angle decreases from s + 90º to 90º, the 
curvature radius, ri, of meniscus A decreases. But, as the contact angle further reduces from 90º to s, the curvature 
radius, ri, increases, resulting in a lower capillary pressure, Pc, which in turn leads to a higher liquid pressure, Pl, at 
meniscus A, since the gas pressure, Pg, is assumed to be constant. The capillary pressure is Pc = Pg – Pl = (1/ri + 
1/rh), where  is the surface tension. The increase of the liquid pressure at meniscus A results in higher liquid 
pressure in the pore network, thereby leading some other menisci to be unstable and invade the gas phase, e.g., 
meniscus B in fig. 2a. This capillary instability results in the liquid refilling and the bubble formation and 
movement shown in fig. 1.   
During liquid refilling, the speeds of the moving and receding menisci depend on their curvature radii, ri and 
rh. For instance, from stages II to III shown in fig. 2a, the moving menisci speeds are always increasing, fig. 3a. 
This higher speed is owing to the increased curvature radius, ri, of meniscus A, fig. 3b. However, the curvature 
radius, ri, of meniscus A is smaller than that of meniscus B, stages from II to III in fig. 3b. If these two menisci 
have the same value of rh, then liquid pressure at meniscus B will be higher than that at meniscus A, and the 
capillary instability induced liquid refilling and bubble formation and movement shown in fig. 1 will not occur. 
From this point of view, the curvature radius, rh, of meniscus A should be larger than that of meniscus B. Since rh = 
h/(1+coss), the contact angel, s, of pore body 5 should be larger than that of pore body 1. Nevertheless, it is not 
easy to obtain the value of s in pore bodies, since we cannot observe the moving triple line therein. However, as 
we will show later, pore throats have different values of s, indicating the wettability heterogeneity of the pore 
network.  
At the stage of III shown in fig. 2a, meniscus A touches the side wall of the pore body 5 and the entrance of 
pore throat 6. Then, the inertial force drives meniscus B to continue moving toward the gas phase, which in turn 
pulls meniscus A to enter pore throat 6, stage IV of fig. 2a. As meniscus A enters pore throat 6 from pore boy 5, its 
curvature radius, ri, reduces (fig. 3b), decreasing the liquid pressure at meniscus A. As a result, a sharp reduction in 
the menisci moving speed is observed from stages III to IV (fig. 3a), although the curvature radius, ri, of meniscus 
B also decreases.  
After meniscus A invades pore throat 6, the curvature radius, ri, of meniscus B continues decreasing due to the 
inertial forces until it enters the pore throat 2, stage V in fig. 2a. During this process, curvature radius, ri, of 
meniscus A in pore throat 6 remains constant, fig. 3b. The liquid pressure difference between menisci A and B 
increases, resulting in the higher speed of moving menisci, stages from IV to V in fig. 3a. From stages V to VI, both 
menisci A and B are in pore throats; hence, variations of curvature radii and speeds of moving menisci are not 
significant, fig. 3.  
After stage VI, meniscus A invades pore body 7 from pore throat 6, stage VII in fig. 2a. The curvature radius, 
ri, of meniscus A increases due to the capillary valve effect. The variation of ri of meniscus A during this process is 
not shown in fig. 3b, since the meniscus shape, as shown in stage VII of fig. 2a, is not circle due to the contaminant 
in pore body 7. Meniscus B is always in pore throat 2 from stages VI to VII, and the curvature radius, ri, is almost 
constant, fig. 3b. Hence, the increase of the curvature radius, ri, of meniscus A results in higher speeds of moving 
menisci, fig. 3a.  
After stage VII, the inertial force drives meniscus A to invade pore throat 8 and meniscus B to enter pore body 
3, stage VIII in fig. 2a. During this process, the curvature radius, ri, of meniscus A decreases, and the curvature 
radius, ri, of meniscus B increases, resulting in the sharp reduction in the speeds of these two menisci, fig. 3. 
Interestingly, although meniscus B enters the pore body 3 from pore throat 2, we find that the influence of the 
capillary valve effect is trivial, which is suppressed by the residual liquid in pore body 3, fig. 2b. Before meniscus 
B invades pore body 3, the intersectional points between pore throat 2 and pore body 3 are attached to the residual 
liquid. As the triple lines (at the side walls) of meniscus B move to these intersectional points between pore throat 
and pore body, then meniscus B will merge with menisci of the residual liquid to form a new meniscus. During this 
process, meniscus B keeps concave towards the gas phase, fig. 2b. By contrast, if there is no residual liquid in pore 
body 3, then a higher liquid pressure is needed to change meniscus B from concave to convex so as to push it into 
pore body 3 (more details on this invasion can be found in ref 14). Hence, it is easier for liquid to invade an empty 
pore body from an adjacent pore throat if the residual liquid is present in the pore body.  
After the stage VIII shown in fig. 2a, meniscus B connects two pore throats, and the curvature radius, ri, 
increases as the liquid saturation in the pore body increases. By contrast, the curvature radius, ri, of meniscus A in 
pore throat 8 is almost constant, fig. 3b. Although meniscus B has a larger ri than meniscus A at the stage VIII, the 
inertial forces drive meniscus B to continue refilling of pore body 3, see stage IX in fig. 2a. After pore body 3 is 
completely filled by liquid, a gas bubble is then formed in the pore network, fig. 1.   
 
3.2. Pore network model 
For better understanding of the liquid refilling and bubble movement induced by the capillary instability, a 
pore network model is also developed. The inertial force is considered in the model since, as discussed above, it 
plays an important role during liquid refilling. The liquid flow in a pore is taken as a one-dimensional fully 
developed laminar flow. As shown in fig.1, the filled pore is one with the local liquid saturation sl > 0 in pore 
throats or sl > sl,re in pore bodies, for which sl,re is the saturation of the residual liquid. To determine sl,re, we assume 
that the residual liquid in a pore body connecting the mouths of two pore throats is triangle. A partially filled pore 
(sl ≤ 1) contains menisci and has at least one adjacent empty pore, while a fully filled pore (sl = 1) is surrounded by 
filled pores. The empty pore is the one with sl = 0 in pore throats or sl = sl,re in pore bodies.  
The liquid flow in a filled pore throat k between two filled pore bodies, i and j, can be described as:   
∂ [ℎ𝑤𝑘𝜌𝑙 (
𝑙𝑖
2 + 𝑙𝑘 +
𝑙𝑗
2) 𝑣𝑙,𝑘]
∂𝑡
= (𝑃𝑙,𝑖 − 𝑃𝑙,𝑗)ℎ𝑤𝑘 − 𝑔𝑘 (
𝑙𝑖
2
+ 𝑙𝑘 +
𝑙𝑗
2
) 𝑣𝑙,𝑘 
(1) 
where l is the liquid density, l the dynamic viscosity, vl the liquid velocity, and gk is expressed as
24
:  
𝑔𝑘 =
𝜋4𝜇𝑙
8 *1 −
2ℎ
𝜋𝑤𝑘
tanh (
𝜋𝑤𝑘
2ℎ )+
𝑤𝑘
ℎ
 (2) 
The pore width and length are depicted in fig. 1. The liquid flow in a filled pore throat k with sl,k < 1 from a filled 
pore body i to an empty pore body j is depicted as: 
𝜌𝑙ℎ𝑤𝑘 {(
𝑙𝑖
2
+ 𝑠𝑙,𝑘𝑙𝑘)
𝑑2(𝑠𝑙,𝑘𝑙𝑘)
𝑑𝑡2
+ *
𝑑(𝑠𝑙,𝑘𝑙𝑘)
𝑑𝑡
+
2
} = (𝑃𝑙,𝑖 − 𝑃𝑙,𝑘)ℎ𝑤𝑘 − 𝑔𝑘 (
𝑙𝑖
2
+ 𝑠𝑙,𝑘𝑙𝑘)
𝑑(𝑠𝑙,𝑘𝑙𝑘)
𝑑𝑡
 (3) 
The liquid pressure in a partially filled pore is determined as Pl = Pg – Pc, for which the gas pressure Pg is 
constant. The capillary pressure, Pc, for a meniscus in a pore throat i is gained by the MSP method 
25,26
: 
𝑃𝑐 =
𝜍(𝑘1 + 2𝑘2𝑘4)
𝑤𝑖ℎ − 2𝑘3𝑘4
2  (4a) 
𝑘1 = (2ℎ + 𝑤𝑖)𝑐𝑜𝑠𝜃𝑠,𝑖 + 𝑤𝑖 (4b) 
𝑘2 = 𝜋 − 3𝜃𝑠,𝑖 − (2𝑐𝑜𝑠𝜃𝑠,𝑖 − 3𝑠𝑖𝑛𝜃𝑠,𝑖 + 2)𝑐𝑜𝑠𝜃𝑠,𝑖 (4c) 
𝑘3 = 𝑐𝑜𝑠
2𝜃𝑠,𝑖 + 𝑐𝑜𝑠𝜃𝑠,𝑖 −
3𝑠𝑖𝑛𝜃𝑠,𝑖𝑐𝑜𝑠𝜃𝑠,𝑖
2
−
𝜋
2
+
3𝜃𝑠,𝑖
2
 (4d) 
𝑘4 = √
𝑘1
2
4𝑘2
2 −
𝑤𝑖ℎ
2𝑘3
+
𝑘1
2𝑘2
 (4e) 
The capillary pressure for a meniscus in a partially filled pore body depends on the shape of meniscus: 
𝑃𝑐 = 𝜍 (
1
𝑟𝑖
+
1
𝑟ℎ
) (5) 
for which rh = h/(1+coss), whereas ri depends on not only the liquid saturation of the pore body but also the state 
(empty or filled) of the adjacent pore throat. For a partially filled pore body i with only one adjacent empty pore 
throat (e.g., pore throat k in fig. 4a),  
𝑟𝑖 =
𝑤𝑘
2𝑐𝑜𝑠𝐴
 (6a) 
𝑠𝑙,𝑖 = 1 −
𝑟𝑖
2𝑠𝑖𝑛(𝜋 − 2𝐴) + (𝜋 + 2𝐴)𝑟𝑖
2
2𝑙𝑖
2  (6b) 
where A is the contact angle shown in fig. 4a.  
For a partially filled pore body i with two adjacent empty pore throats neighboring to each other (e.g., pore 
throats k an l in fig. 4b),  
𝑟𝑖 =
𝐿𝑘𝑙
2𝑐𝑜𝑠𝐴
 (7a) 
𝑠𝑙,𝑖 = 1 −
𝐿𝑘𝐿𝑙
2𝑙𝑖
2 −
𝐿𝑘𝑙
2
4𝑙𝑖
2 𝑡𝑎𝑛𝐴 −
𝜋 + 2𝐴
2𝑙𝑖
2 𝑟𝑖
2 +
1
8𝑙𝑖
2 (𝑙𝑝 − 𝑊𝑙)(𝑙𝑝 − 𝑊𝑘) (7b) 
where Lk = Wk/2 + lp/2, Ll = Wl/2 + li/2, 𝐿𝑘𝑙 = √𝐿𝑘
2 + 𝐿𝑙
2, and A the contact angle shown in fig. 4b. In fig. 4b, the 
meniscus in the pore body is connected to the mouths of two pore throats. As liquid in the pore body increases, the 
shape of the meniscus changes. When the contact angle between the wall of an empty pore throat and the meniscus 
reaches to π − s, the meniscus starts to enter this pore throat, see fig. 4c. If meniscus first enters pore throat l,  
𝑟𝑖 =
𝑊𝑙 + 𝑙𝑝
2[𝑐𝑜𝑠𝜃𝑠,𝑙 + 𝑐𝑜𝑠(2𝐴 − 𝜃𝑠,𝑙)]
 (8a) 
𝑠𝑙,𝑖 =
𝐼𝑝 − 𝐼𝑡,𝑙
𝑙𝑝2
 (8b) 
𝐼𝑝 =
1
2
[𝑟𝑖𝑐𝑜𝑠𝜃𝑠,𝑙 + 𝑟𝑖𝑐𝑜𝑠(2𝐴 − 𝜃𝑠,𝑙)][𝑟𝑖𝑠𝑖𝑛(2𝐴 − 𝜃𝑠,𝑙) − 𝑟𝑖𝑠𝑖𝑛𝜃𝑠,𝑙] −
1
2
[(𝜋 − 2𝐴)𝑟𝑖
2 − 𝑟𝑖
2𝑠𝑖𝑛(2𝐴)]    
+
1
8
(𝑊𝑙 + 𝑙𝑖)(𝑙𝑖 − 𝑊𝑘) +
1
2
𝑙𝑖(𝑙𝑖 − 𝑊𝑙) +
1
8
(𝑙𝑖 − 𝑊𝑙)(𝑙𝑖 − 𝑊𝑘) 
(8c) 
𝐼𝑡,𝑙 =
𝑟𝑖
2𝑠𝑖𝑛𝛽𝑙
2
+
|𝑥1 − 𝑥2||𝑦1 − 𝑦2|
2
−
𝛽𝑙𝑟𝑖
2
2
 (8d) 
(𝑥1,  𝑦1) = (𝑟𝑖𝑐𝑜𝑠𝜃𝑠,𝑙 , 𝑟𝑖𝑠𝑖𝑛𝜃𝑠,𝑙) (8e) 
(𝑥2,  𝑦2) = (√𝑟𝑖
2 − 𝑦2
2, 𝑟𝑖𝑠𝑖𝑛(2𝐴 − 𝜃𝑠,𝑙) − (𝑙𝑖 + 𝑊𝑘)/2) (8f) 
𝛽𝑙 = 𝑎𝑟𝑐𝑐𝑜𝑠 *1 −
(𝑥1 − 𝑥2)
2
2𝑟𝑖
2 −
(𝑦1 − 𝑦2)
2
2𝑟𝑖
2 + (8g) 
When meniscus also enters both pore throat k, 
𝑟𝑖 =
𝑊𝑙 + 𝑙𝑖
2[𝑐𝑜𝑠𝜃𝑠,𝑙 + 𝑐𝑜𝑠𝐵]
 (9a) 
𝑠𝑙,𝑖 =
𝐼𝑝 − 𝐼𝑡,𝑙 − 𝐼𝑡,𝑘
𝑙𝑖
2  (9b) 
𝐼𝑝 =
1
2
(𝑟𝑖𝑐𝑜𝑠𝜃𝑠,𝑙 − 𝑟𝑖𝑠𝑖𝑛𝜃𝑠,𝑘)(𝑟𝑖𝑐𝑜𝑠𝜃𝑠,𝑘 − 𝑟𝑖𝑠𝑖𝑛𝜃𝑠,𝑙) −
1
2
[(𝜋 − 𝜃𝑠,𝑙 − 𝜃𝑠,𝑘)𝑟𝑖
2 − 𝑟𝑖
2𝑠𝑖𝑛(𝜃𝑠,𝑙 + 𝜃𝑠,𝑘)]
+
1
4
(𝑊𝑙 + 𝑙𝑖)(𝑙𝑖 − 𝑊𝑘) +
1
2
𝑙𝑖(𝑙𝑖 − 𝑊𝑙) +
1
8
(𝑙𝑖 − 𝑊𝑙)(𝑙𝑖 − 𝑊𝑘) 
(9c) 
𝐼𝑡,𝑘 =
𝑟𝑖
2𝑠𝑖𝑛𝛽𝑘
2
+
|𝑥3 − 𝑥4||𝑦3 − 𝑦4|
2
−
𝛽𝑘𝑟𝑖
2
2
 (9d) 
(𝑥3,  𝑦3) = (𝑟𝑖𝑐𝑜𝑠𝜃𝑠,𝑙 −
𝑙𝑖 + 𝑊𝑙
2
, √𝑟𝑖
2 − 𝑥3
2) (9e) 
(𝑥4,  𝑦4) = (𝑟𝑖𝑠𝑖𝑛𝜃𝑠,𝑘 , 𝑟𝑖𝑐𝑜𝑠𝜃𝑠,𝑘) (9f) 
𝛽𝑘 = 𝑎𝑟𝑐𝑐𝑜𝑠 *1 −
(𝑥3 − 𝑥4)
2
2𝑟𝑖
2 −
(𝑦3 − 𝑦4)
2
2𝑟𝑖
2 + (9g) 
where B is the angle between the vertical line through the center of the meniscus and the line connecting the center 
and the intersectional point between meniscus and vertical side wall of the pore body, as illustrated in fig. 4c. When 
𝑟𝑖 of the meniscus reaches to  
𝑟𝑖 =
−𝑏 − √𝑏2 − 4𝑎𝑐
2𝑎
 (10a) 
𝑎 = 1 − 𝑐𝑜𝑠2𝜃𝑠,𝑙 − 𝑐𝑜𝑠
2𝜃𝑠,𝑘 (10b) 
𝑏 = 2𝑊𝑙𝑐𝑜𝑠𝜃𝑠,𝑙 + (𝑙𝑖 + 𝑊𝑘)𝑐𝑜𝑠𝜃𝑠,𝑘 (10c) 
𝑐 = −𝑊𝑙
2 − *
(𝑙𝑖 + 𝑊𝑘)
2
+
2
 (10d) 
the meniscus completely leaves the pore body and enters pore throat l and k. 
For a partially filled pore body i with two adjacent empty pore throat opposite to each other (e.g., pore throats l 
and m in fig. 4c),  
𝑟𝑖 =
𝐴
|𝐴|
𝐿𝑙𝑚
2𝑐𝑜𝑠(𝐴)
 (11a) 
𝑠𝑙,𝑖 =
(𝑙𝑖 −
𝑊𝑚 + 𝑊𝑙
2 )
2𝑙𝑖
−
𝐴
|𝐴|𝑙𝑖
2 (
(𝜋 − |2𝐴|)𝑟𝑖
2
2
−
𝑟𝑖
2
2
𝑠𝑖𝑛|2𝐴|) +
(𝑙𝑖 − 𝑊𝑘)(𝑙𝑖 − 𝑊𝑚)
8𝑙𝑖
2
+
(𝑙𝑖 − 𝑊𝑙)(𝑙𝑖 − 𝑊𝑘)
8𝑙𝑖
2  
(11b) 
where contact angle A is positive when the meniscus is concave towards liquid, but negative when the meniscus is 
convex.  
Based on the mass conservation law, the following equation is gained for the fully filled pore body: 
∑ 𝐴𝑗𝑣𝑙,𝑗 = 0 (12) 
where Aj is the cross-sectional area of the adjacent pore throats, vl,j is the liquid velocity from the pore throat to the 
pore body. For a partially filled pore body: 
∑ 𝐴𝑗𝑣𝑙,𝑗 +
𝑑𝑉𝑙,𝑖
𝑑𝑡
= 0 (13) 
Where Vl,i is the volume of liquid in the pore body. 
The procedure to simulate the capillary instability induced two-phase flow in the pore network is summarized 
below.   
(1) The liquid saturation, velocity, and pressure in each filled pore at time t are given.  
(2) The volume of liquid, Vl, in each partially filled pore with an active meniscus at time t + ∆t is determined. 
Here, ∆t = 1.7×10
-4 
s is the step time. The liquid volume of a partially filled pore throat j adjacent to a filled pore 
body i is updated as:   
𝑉𝑙,𝑗
𝑡+∆𝑡 = ℎ𝑤𝑗𝑙𝑗𝑠𝑙,𝑗
𝑡+∆𝑡 (14a) 
𝑠𝑙,𝑗
𝑡+∆𝑡 = √
2h𝑤𝑗
𝑙𝑗
2𝑔𝑗
{(𝑃𝑙,𝑖
𝑡 − 𝑃𝑙,𝑗
𝑡 )∆𝑡 +
𝜌𝑙
𝑔𝑗
*(𝑃𝑙,𝑖
𝑡 − 𝑃𝑙,𝑗
𝑡 )ℎ𝑤𝑗 − 𝑔𝑗𝑠𝑙,𝑗
𝑡 𝑙𝑗𝑣𝑙,𝑗
𝑡 + (𝑒
−𝑔𝑗∆𝑡
𝜌𝑙h𝑤𝑗 − 1)} + (𝑠𝑙,𝑗
𝑡 )
2
 (14b) 
If the updated liquid volume in the pore throat j, 𝑉𝑙,𝑗
𝑡+∆𝑡, is negative, then the liquid volume in the adjacent filled 
pore body i is 𝑉𝑙,𝑖
𝑡+∆𝑡 = 𝑉𝑙,𝑗
𝑡+∆𝑡 + 𝑉𝑙,𝑖
𝑡 , and 𝑉𝑙,𝑗
𝑡+∆𝑡 is set to be zero. If 𝑉𝑙,𝑗
𝑡+∆𝑡 is larger than the volume of the pore 
throat j, Vj, then the liquid volume in the adjacent empty or partially filled pore body k is 𝑉𝑙,𝑘
𝑡+∆𝑡 = 𝑉𝑙,𝑘
𝑡 + 𝑉𝑙,𝑗
𝑡+∆𝑡 − 𝑉𝑗, 
and 𝑉𝑙,𝑗
𝑡+∆𝑡 is set to b Vj.  
The volume of liquid in a partially filled pore body i adjacent to a filled pore throat j is updated as: 
𝑉𝑙,𝑖
𝑡+∆𝑡 = 𝑉𝑙,𝑖
𝑡+∆𝑡 + ∑ 𝐴𝑗𝑣𝑙,𝑗
𝑡 ∆𝑡 (15) 
If the updated liquid volume in the pore body i, 𝑉𝑙,𝑖
𝑡+∆𝑡, is smaller than the volume of the residual liquid Vrel,i, then 
the liquid volume in the adjacent filled pore throat j with the lowest capillary pressure is 𝑉𝑙,𝑗
𝑡+∆𝑡 = 𝑉𝑙,𝑗
𝑡 −
(𝑉𝑟𝑒𝑙,𝑖 − 𝑉𝑙,𝑖
𝑡+∆𝑡), and 𝑉𝑙,𝑖
𝑡+∆𝑡 is set to be Vrel,i. If 𝑉𝑙,𝑖
𝑡+∆𝑡 is larger than the volume of pore body i, Vi, then the liquid 
volume in each adjacent empty or partially filled pore throat j is 𝑉𝑙,𝑗
𝑡+∆𝑡 = 𝑉𝑙,𝑗
𝑡 + 𝑉𝑖 , and 𝑉𝑙,𝑖
𝑡+∆𝑡 is set to be Vi. Here, nt 
is the number of adjacent empty pore throats.  
Based on the volume of liquid in each pore, the liquid saturation of each filled pore at time t + ∆t is gained 
straightforwardly.  
(3) The state of each gas-liquid interface (meniscus) is determined. A static meniscus is the one that cannot 
move, and an active meniscus is movable. For each partially filled pore with a static meniscus, if the pressure 
difference (gas pressure minus liquid pressure) across this meniscus is smaller than the capillary pressure of this 
pore, then the meniscus is set to be active. For each partially filled pore throat with an active meniscus and the 
liquid saturation being smaller than 0.1 or larger than 0.9, if the liquid flow direction is different at time t and t - ∆t, 
then the meniscus in this partially filled pore throat is labeled as static at time t + ∆t so as to avoid the numerical 
error. The explanation is as follows. Because of the inertial forces, a meniscus in a pore throat can enter the 
neighboring pore body, but the liquid pressure in the pore throat is smaller than liquid pressure in the pore body. To 
this end, the meniscus in the pore body may recede to the mouth of the pore throat, leading to the change of the 
direction of the liquid flow in the pore throat. In reality, during meniscus receding to pore throat, the three phase 
contact line along the side wall of the pore can be pinned at the intersection between the pore throat and pore body, 
and the meniscus stops moving (i.e., static).  
(4) The liquid and gas clusters in the pore network are identified.  
(5) The liquid pressure and velocity in each filled pore are determined by the following algorithm. 
(5.1) The pressures of liquid in the partially filled pore with active menisci, 𝑃𝑙
𝑡+∆𝑡, are determined by the 
capillary pressure, see Eqs. (4) - (11). For the partially filled pore throat with static menisci, the liquid velocity, 
𝑣𝑙
𝑡+∆𝑡, is zero. The pressures of liquid in the fully filled pore are guessed as 𝑃𝑙
∗,𝑡+∆𝑡
. 
(5.2) Based on the guessed liquid pressure field, the guessed liquid velocity in each fully filled pore throat, e.g., 
pore throat k connecting pore bodies i and j, is determined by solving Eq. (1): 
𝑣𝑙,𝑘
∗,𝑡+∆𝑡 =
(𝑃𝑙,𝑖
∗,𝑡+∆𝑡 − 𝑃𝑙,𝑗
∗,𝑡+∆𝑡)∆𝑡ℎ𝑤𝑘 + ℎ𝑤𝑘𝜌𝑙 (
𝑙𝑖
2 + 𝑙𝑘 +
𝑙𝑗
2) 𝑣𝑙,𝑘
𝑡
ℎ𝑤𝑘𝜌𝑙 (
𝑙𝑖
2 + 𝑙𝑘 +
𝑙𝑗
2) + ∆𝑡𝑔𝑘 (
𝑙𝑖
2 + 𝑙𝑘 +
𝑙𝑗
2)
 (16) 
The liquid velocity in the partially filled pore throat with an active meniscus, e.g., pore throat k connected to 
filled pore body i, is gained by solving Eq. (3) analytically: 
𝑣𝑙,𝑘
∗,𝑡+∆𝑡 =
1
𝑔𝑘𝑙𝑘𝑠𝑙,𝑘
𝑡+∆𝑡 ,(𝑃𝑙,𝑖
∗,𝑡+∆𝑡 − 𝑃𝑙,𝑘
𝑡+∆𝑡)ℎ𝑤𝑘 + [(𝑃𝑙,𝑖
∗,𝑡+∆𝑡 − 𝑃𝑙,𝑘
𝑡+∆𝑡) − 𝑔𝑘𝑙𝑘𝑠𝑙,𝑘
𝑡 𝑣𝑙,𝑘
𝑡 ]𝑒
−𝑔𝑘∆𝑡
𝜌𝑙ℎ𝑤𝑘- (17) 
In Eqs. (16) and (17), if the pore body is the partially filled pore with active menisci, then 𝑃𝑙
∗,𝑡+∆𝑡 = 𝑃𝑙
 𝑡+∆𝑡.  
(5.3) The correct liquid pressure and velocity are defined as 𝑃𝑙
𝑡+∆𝑡 = 𝑃𝑙
∗,𝑡+∆𝑡 + 𝑃𝑙
′,𝑡+∆𝑡
 and 𝑣𝑙
𝑡+∆𝑡 =
𝑣𝑙
∗,𝑡+∆𝑡 + 𝑣𝑙
′,𝑡+∆𝑡
, respectively. Here, Pl
’
 is the liquid pressure correction, and vl
’
 is the liquid velocity correction. It 
should be noted that the correct liquid pressure and velocity also satisfy Eqs. (1) and (3), and the following 
equations can be gained: 
𝑣𝑙,𝑘
𝑡+∆𝑡 =
(𝑃𝑙,𝑖
𝑡+∆𝑡 − 𝑃𝑙,𝑗
𝑡+∆𝑡)∆𝑡ℎ𝑤𝑘 + ℎ𝑤𝑘𝜌𝑙 (
𝑙𝑖
2 + 𝑙𝑘 +
𝑙𝑗
2) 𝑣𝑙,𝑘
𝑡
ℎ𝑤𝑘𝜌𝑙 (
𝑙𝑖
2 + 𝑙𝑘 +
𝑙𝑗
2) + ∆𝑡𝑔𝑘 (
𝑙𝑖
2 + 𝑙𝑘 +
𝑙𝑗
2)
 (18) 
𝑣𝑙,𝑘
𝑡+∆𝑡 =
1
𝑔𝑘𝑙𝑘𝑠𝑙,𝑘
𝑡+∆𝑡 ,(𝑃𝑙,𝑖
𝑡+∆𝑡 − 𝑃𝑙,𝑘
𝑡+∆𝑡)ℎ𝑤𝑘 + [(𝑃𝑙,𝑖
𝑡+∆𝑡 − 𝑃𝑙,𝑘
𝑡+∆𝑡) − 𝑔𝑘𝑙𝑘𝑠𝑙,𝑘
𝑡 𝑣𝑙,𝑘
𝑡 ]𝑒
−𝑔𝑘∆𝑡
𝜌𝑙ℎ𝑤𝑘- (19) 
Subtracting Eq. (16) from Eq. (18) yield the liquid velocity correction in the fully filled pore throat:  
𝑣𝑙,𝑘
′,𝑡+∆𝑡 =
∆𝑡ℎ𝑤𝑘(𝑃𝑙,𝑖
′,𝑡+∆𝑡 − 𝑃𝑙,𝑘
′,𝑡+∆𝑡)
ℎ𝑤𝑘𝜌𝑙 (
𝑙𝑖
2 + 𝑙𝑘 +
𝑙𝑗
2) + ∆𝑡𝑔𝑘 (
𝑙𝑖
2 + 𝑙𝑘 +
𝑙𝑗
2)
 (20) 
Subtracting Eq. (17) from Eq. (19) yield the liquid velocity correction in the partially filled pore throat:  
𝑣𝑙,𝑘
′,𝑡+∆𝑡 =
1
𝑔𝑘𝑙𝑘𝑠𝑙,𝑘
𝑡+∆𝑡 (ℎ𝑤𝑘 + 𝑒
−𝑔𝑘∆𝑡
𝜌𝑙ℎ𝑤𝑘) 𝑃𝑙,𝑖
′,𝑡+∆𝑡
 (21) 
(5.3) Substituting the correct liquid velocity in the filled pore throat, vl = vl
’
 + vl
*
, into Eq. (12) yields: 
∑ 𝐴𝑗(𝑣𝑙,𝑘
′,𝑡+∆𝑡 + 𝑣𝑙,𝑘
∗,𝑡+∆𝑡) = 0 (22) 
Substituting the liquid velocity correction in Eqs. (20) and (21) into Eq. (22) yields a set of linear equations for the 
liquid pressure correction in the each fully filled pore body. For instance, for the fully filed pore body i adjacent to 
pore body j and filled pore throat k, we have  
𝑃𝑙,𝑖
′,𝑡+∆𝑡 =
𝑎𝑝 − 𝑄𝑝
𝑎𝑡
 (23a) 
𝑎𝑝 = ∑ 𝑎𝑡,𝑘𝑃𝑙,𝑗
′,𝑡+∆𝑡 (23b) 
𝑎𝑡 = ∑ 𝑎𝑡,𝑘 (23c) 
𝑄𝑝 = ∑ 𝐴𝑘𝑣𝑙,𝑘
∗,𝑡+∆𝑡
 (23d) 
𝐴𝑘 = ℎ𝑤𝑘 (23e) 
If the pore throat k is fully filled, 𝑎𝑡,𝑘 = 𝐴𝑘
2∆𝑡/(ℎ𝑤𝑘𝜌𝑙𝑙𝑘𝑠𝑙,𝑘
𝑡+∆𝑡); if pore throat k is partially filled with liquid 
saturation smaller than 1, 𝑎𝑡,𝑘 = 𝐴𝑘
2 [1 + 𝑒𝑥𝑝(−𝑔𝑘∆𝑡/𝜌𝑙𝐴𝑘)]/ (𝑔𝑘𝑙𝑘𝑠𝑙,𝑘
 𝑡+∆𝑡
).  
By solving the linear equations, the liquid pressure correction is gained for each fully filled pore body, from 
which the liquid velocity correction in each filled pore throat is gained based on Eqs. (20) and (21). In this way, the 
correct liquid pressure, 𝑃𝑙
𝑡+∆𝑡 = 𝑃𝑙
∗,𝑡+∆𝑡 + 𝑃𝑙
′,𝑡+∆𝑡
, for each fully filled pore body and the correct liquid velocity, 
𝑣𝑙
𝑡+∆𝑡 = 𝑣𝑙
∗,𝑡+∆𝑡 + 𝑣𝑙
′,𝑡+∆𝑡
, for each filled pore throat are obtained.  
(5.4) The guessed liquid pressure in each fully filled pore body is updated to equal to the correct liquid 
pressure gained in the step (5.3), i.e., 𝑃𝑙
∗,𝑡+∆𝑡 = 𝑃𝑙
𝑡+∆𝑡. Repeat from steps (5.2) until the prescribed convergence 
criteria are satisfied.  
(6) Repeat the steps (2) - (5) until all menisci become static.  
To simulate the observed capillary instability induced two-phase flow in the pore network, the initial liquid 
pressure at time 𝑡 = 𝑡0 in each filled pore is needed, which, however, cannot be gained experimentally. To get the 
initial condition, the following method is employed. Based on the visualization image, we can get the liquid 
velocity and volume in each filled pore at time 𝑡 = 𝑡0 − ∆𝑡. The liquid volume in each partially filled pore throat, 
e.g., pore throat j, at time 𝑡 = 𝑡0 is determined as 𝑉𝑙,𝑗
𝑡0 = 𝑉𝑙,𝑗
𝑡0−∆𝑡 − 𝑣𝑙,𝑗
𝑡=𝑡0−∆𝑡∆𝑡. Then liquid volume, liquid pressure, 
liquid velocity in each filled pore at time 𝑡 = 𝑡0 can be gained based on the algorithm mentioned above, and are 
taken as the initial conditions.  
To validate the developed model, we first simulate liquid refilling shown in fig. 2a. However, we just focus on 
the process from stages VI to VII, since the wettability of pore bodies are unknown. Although during this process 
meniscus A is in pore body 7, the adjacent pore throats 6 and 8 have very similar contact angle (40.5º and 41.7º, 
respectively). Hence, the contact angle of pore body 7 is taken as the averaged value of these two adjacent pore 
throats. The contact angle of pore throat 2 is 22.1º. The calculated speed of the moving meniscus A agrees well with 
the experimental data, fig. 3a. 
The developed pore network model is also used to simulate the bubble movement shown in fig. 1. The 
modeling and experimental results are in good agreement, fig. 5. Here, the gas pressure in the bubble is assumed to 
be uniform and equal to the atmospheric pressure. The contact angles of pores needed in the model are shown in fig. 
5a. The contact angles of pore bodies are set based on the contact angles of the neighboring pore throats. Since 
meniscus C shown in fig. 5a oscillates only in one pore, velocity is used instead of speed to depict its movement 
(fig. 5d), and flow from left to right is defined as the positive direction. It takes a relative long time for meniscus B 
to enter the pore body at the center of the pore network shown in fig. 5a. The main reason is that when meniscus B 
meets residual liquid in the pore body, its curvature radius, ri, increases. This in turn hinders the meniscus 
movement. The good agreement between the simulations and experiments presented in fig. 5 and fig. 3a indicates 
the effectiveness of the present pore network model.  
 
4. Conclusions 
In summary, we report that during evaporation of a microfluidic pore network, liquid can refill the gas 
occupied pores, snapping off a gas bubble, which then moves until a stable configuration is reached. This liquid 
refilling and bubble formation and movement are induced by the capillary instability due to the wettability 
heterogeneity, and are explained in detail based on the visualization experiment. We find that the capillary valve 
effect, which hinders the movement of the gas-liquid interface and is induced by the sudden geometrical expansion 
between small and large pores, can be suppressed by the residual liquid in the large pore. In addition, a novel pore 
network model that considers the inertial forces is developed to simulated the experimentally observed capillary 
instability induced two-phase flow in the pore network. The pore network modeling results agree well with the 
experimental data, validating the effectiveness of the developed model, which opens up a new route for better 
understanding of the role of inertial forces in two-phase transport in porous media. We believe that unveiling the 
capillary instability induced phenomenon presented in this work can pave the way toward the fundamental 
understanding of the two-phase transport in porous media.  
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Figure Captions 
Fig. 1 Liquid refilling and bubble formation and movement observed during evaporation of a microfluidic pore 
network composed of pore bodies and pore throats (the pore length and width are also illustrated). The left and 
right columns are the evaporation process. The middle two columns are capillary instability induced liquid refilling 
and bubble formation and movement processes (about 16 seconds). Gas, liquid, and solid are shown in light gray, 
dark gray, and black in the experimental images, respectively. 
Fig. 2 (a) Detailed evolution of menisci during capillary instability induced liquid refilling shown in fig. 1. Menisci 
A and B are moving, while the other menisci remain almost static. The pores that can be invaded by menisci are 
numbered. (b) Detailed invasion of meniscus B from pore throat 2 to empty pore body 3 with the residual liquid. 
Fig. 3 Variation of (a) menisci speeds and (b) curvature radii, ri, during liquid refilling shown in fig. 2a. Menisci A 
and B as well as various evaporation stages are illustrated in fig. 2a. The blue line in fig. 3a is gained from the pore 
network simulations. 
Fig. 4 Schematic of the meniscus configuration in a partially filled body i with (a) only one adjacent empty pore 
throat k; (b) (c) two adjacent empty pore throats k and l neighboring to each other; and (d) two adjacent empty pore 
throats l and m opposite to each other. 
Fig. 5 (a) Detailed evolution of menisci during bubble movement shown in fig. 1; top: experiment; bottom: pore 
network model. The pore contact angles needed in the pore network model are also shown. (b-d) Comparison of 
experimental and pore network modeling speeds (or velocity) of menisci A, B, and C shown in (a), respectively.  
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